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Krox-20 and mafB/kr encode transcription factors involved in the control of hindbrain development and are expressed in
hombomeres (r) 3 and 5 and 5 and 6, respectively. To analyse the regulation of the expression of these genes by positional
ues, focusing on the stages just preceding the formation of rhombomeres, we have performed ectopic grafts involving single
rospective rhombomeres (pr) or couples of pr on 4–6 somite avian embryos. Transplantation of pr6 in the pr5 position leads
o Krox-20 activation and grafting of pr7 in the pr5 position results in mafB/kr activation. Furthermore, pr6 grafted in the
r5 position develops an r5-like cytoarchitecture. These data establish that rostral transplantation can lead to anterioriza-
ion within the hindbrain. However, additional experiments indicate that the competence of the transplanted tissue for such
nteriorization appears limited and that transformations corresponding to shifts of a single rhombomere are favoured. We
lso show that caudal transplantation of pr5 into the pr6 position can lead to a down-regulation of Krox-20 expression
onsistent with posteriorization, suggesting that caudalizing influences are present within the nonsomitic hindbrain after
he 4- to 6-somite stage. Finally, combinations of extirpation and grafting experiments suggest that the regulation of
afB/kr expression in the r6–r7 region may involve anteriorizing influences in addition to previously identified
osteriorizing signals from the somitic region. © 2000 Academic Press
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lINTRODUCTION
The vertebrate hindbrain is subject to a segmentation
process which leads to the generation of a series of 7–8
lineage-restricted metameric units, called rhombomeres (r)
(Lumsden and Keynes, 1989; Fraser et al., 1990; Birgbauer
and Fraser, 1994; Lumsden and Krumlauf, 1996; Wingate
and Lumsden, 1996; Schneider-Maunoury et al., 1998). This
subdivision plays an essential role in the establishment of
regional diversity along the anterior-posterior (AP) axis
since each segment adopts a specific identity. The acquisi-
tion of such distinct rostrocaudal fates by the rhombomeres
is thought to reflect specific patterns of gene expression;
restriction in cell mixing between adjacent rhombomeres is
likely to participate in maintaining these differences. Loss-
and gain-of-function mutations in Hox genes, which are
1 To whom correspondence should be addressed at INSERM
U368, Ecole Normale Supe´rieure, 46 rue d’Ulm, 75230 Paris Cedex105, France. Fax: 33 1 44 32 39 88. E-mail: charnay@wotan.ens.fr.
220xpressed in an ordered, segment-restricted manner in the
indbrain, have shown that they play an essential role in
he appropriate interpretation of positional values (Zhang et
l., 1994; Alexandre et al., 1996; Goddard et al., 1996;
tuder et al., 1996, 1998; Gavalas et al., 1997, 1998;
chneider-Maunoury et al., 1998). However, the cellular
nd molecular mechanisms involved in the assignment of
hese AP values within the hindbrain are still elusive. Until
ecently, a prevailing view for the regionalisation of the
entral nervous system (CNS) has been the two-step model
n which newly induced neural plate has anterior identity
nd is subsequently posteriorized by a transforming signal
Nieuwkoop, 1985; Gilbert and Saxen, 1993). This view has
een recently challenged by experiments suggesting that it
s possible to induce neural plate that has neither anterior
or posterior characters (Streit et al., 1997) and that anterior
haracter can be conferred to more posterior neuroepithe-
ium (Martinez et al., 1995; Dale et al., 1997; Foley et al.,
997; Muhr et al., 1997).
0012-1606/00 $35.00
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221Hindbrain Regional PlasticityIn the hindbrain, the question of the plasticity of rhom-
bomere AP identity has been studied mainly by heterotopic
transplantations in avian and mouse embryos and by cul-
ture of mouse embryo explants (Guthrie et al., 1992; Kura-
tani and Eichele, 1993; Prince and Lumsden, 1994; Grapin-
Botton et al., 1995, 1997, 1998; Martinez et al., 1995; Nieto
et al., 1995; Simon et al., 1995; Itasaki et al., 1996; Saldivar
t al., 1996; Gould et al., 1998). The major conclusions from
these various experiments can be summarised as follows. (i)
The reprogramming of rhombomere fate according to the
new AP position can be obtained in avian embryos follow-
ing prospective rhombomere (pr) transplantation at the
5-somite stage; however, only rostral to caudal (posterior)
transformations were observed (Grapin-Botton et al., 1995,
997, 1998; Itasaki et al., 1996). The only rhombomere
nterior transformation observed involved the grafting of
he organising isthmic region into the hindbrain (Martinez
t al., 1995). (ii) Posterior transformations were only ob-
erved when the transplant was introduced into the pos-
otic (somitic) hindbrain or the spinal cord. (iii) The com-
etence of the transplanted rhombomere to activate a
articular posterior marker appears to be distributed accord-
ng to a caudorostral gradient (Grapin-Botton et al., 1997).
In addition, there appears to be a strong bias toward pre-
serving the original odd/even-numbered character of the
transposed rhombomere (Itasaki et al., 1996). (iv) Concern-
ing the posteriorizing activities, the data suggest that they
derive both from the neural tube itself (planar signals) and
from the paraxial mesoderm (vertical signals) (Itasaki et al.,
1996; Grapin-Botton et al., 1997, 1998). These activities are
likely to be distributed as rostrocaudal gradients; they can
be mimicked by retinoic acid, and retinoic acid receptor
function appears to be required for the interpretation of
positional information into appropriate activation of Hox
genes (Gould et al., 1998; Grapin-Botton et al., 1998). (v)
The work of Gould and collaborators (Gould et al., 1998)
also suggests that the mechanisms revealed by the trans-
plantation experiments are involved in the normal estab-
lishment and maintenance of Hox gene expression and
presumably of rhombomere fate. In conclusion, these data
suggest that, within the hindbrain, anterior fates represent
the basal state and that only posterior changes can occur, in
a ratchet-like manner, in response to an increasing posterior
signal.
Interactions between adjacent rhombomeres have also
been shown to play a role in the control of rhombomere
fate. In this respect, signals originating from r4 have been
shown to control the death of neural crest cells derived
from r3 and r5 (Graham et al., 1994) and Krox-20 and
follistatin gene expression in r3 (Graham and Lumsden,
1996). Finally, the inactivation of the Hoxa1 gene, which is
not known to be expressed in r3, results in an abnormal
development of this rhombomere, presumably because of
the significant reduction in the size of r4 in this mutant
(Helmbacher et al., 1998).
These latter data suggest that refinement of positional
identity at the hindbrain level may involve complex signal-
Copyright © 2000 by Academic Press. All righting mechanisms. To further investigate these processes, we
have performed a detailed analysis of the plasticity of the
expression of two genes, Krox-20 and mafB/kreisler (mafB/
r), which constitute essential elements of the regulatory
ascade controlling hindbrain segmentation. Krox-20 is
xpressed in r3 and r5 (and transiently in the rostrodorsal
dge of r6 (Irving et al., 1996)) and is required for the
evelopment of r3 and r5 (Schneider-Maunoury et al., 1993,
997; Swiatek and Gridley, 1993), whereas mafB/kr is
xpressed in r5 and r6 and is necessary for the normal
evelopment of this hindbrain region (Frohman et al., 1993;
ordes and Barsh, 1994; McKay et al., 1994; Moens et al.,
996). In addition, these two genes have been shown to
egulate the transcription of several Hox genes (Sham et al.,
993; Nonchev et al., 1996a,b; Vesque et al., 1996; Man-
zanares et al., 1997; Seitanidou et al., 1997). Our analysis
led to several novel observations: first, anterior transforma-
tion upon caudal to rostral transplantation is possible;
however, the competence of the tested rhombomeres is
limited so that one-rhombomere shifts appear favoured;
secondly, caudalizing influences revealed in the somitic
region by previous studies also extend within the non-
somitic hindbrain after the 4- to 6-somite stage; finally,
aspects of the positional regulation of mafB/kr expression
might be explained by the existence of anteriorizing signals.
MATERIAL AND METHODS
Microsurgery. Fertilised chick or quail eggs were incubated for
approximately 24 h up to stages 8 to 92 (Hamburger and Hamilton,
1951). Embryos were visualised by subhypoblastic injection of
0.1% Fast Green (Sigma) in saline solution. Operations were
performed with tungsten needles under a stereoscopic microscope
equipped with a micrometric grid, with the smallest subunits of 25
mm at high magnification. The positions of prospective rhom-
bomeres were estimated according to the fate map of the hindbrain
established by Grapin-Botton and collaborators (Grapin-Botton et
al., 1995). According to this map, pr6 extends over approximately
85 mm from the rostral end of the first somite, and pr5 over the
following 85 mm. We conventionally considered pr7 as the neuro-
pithelium adjacent to the first somite and pr8 as the region
djacent to the second. Graftings were performed either between
hick embryos or between quail and chick embryos. In the first
ase, the donor tissue was labeled through immersion in a 0.1%
olution of fluorescent Fast Blue (Sigma) and rinsed several times in
aline solution before reimplantation. Unless pointed otherwise,
rafts were unilateral, involving half of the neural tube, without
he floor plate, and including the immediately adjacent paraxial
esoderm, endoderm, and epiblast. In the few bilateral operations,
he underlying notochord was included in the graft. Whenever
ossible, bidirectional grafting was performed and both embryos
ere processed.
In situ hybridisation. After the operation, the eggs were rein-
ubated for 14–18 h, reaching stages between 14 and 19 somites
stages HH 111 to 13). The embryos were fixed overnight by
immersion in 4% paraformaldehyde in PBS. Fast Blue-labeled
embryos were photographed under appropriate light immediately
after immersion in the fixative. After fixation, the embryos were
washed in PBS and processed for in situ hybridisation with chicken
s of reproduction in any form reserved.
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222 Marı´n and CharnayKrox-20 or quail mafB/kr probes, according to Nieto et al. (1996).
We omitted the proteinase K treatment and the subsequent fixation
in paraformaldehyde-glutaraldehyde. In the case of quail-chick
chimeras, the embryos were processed afterward for immunohis-
tochemical detection of quail cells using the QCPN antibody
(Hybridoma Bank) and a secondary anti-mouse antibody coupled to
horseradish peroxidase (Sigma), revealing the activity with diami-
nobenzidine (Sigma). The embryos were first photographed in toto
(after clearing in glycerol in some cases), then dehydrated, included
in paraffin, and sectioned (10- or 20-mm-thick sections, depending
on the intensity of the staining). The section plane was horizontal
unless indicated otherwise.
Analysis of long-term grafts. Embryos were reincubated for 9
days after operation, reaching to stage HH 36. They were fixed by
immersion in Clarke solution, dehydrated, and included in paraf-
fin. Ten-micrometer sagittal sections were prepared, processed for
immunohistochemistry with the QCPN antibody, and counter-
stained with toluidine.
RESULTS
In a first series of experiments, we performed homotopic
chick to chick or quail to chick transplantations in the
r5–r7 region in order to control our experimental condi-
tions. The transplantations were performed at stages 8 to 92
(4- to 6-somite) and the prospective rhombomeric territories
were identified according to the fate map previously elabo-
rated by Grapin-Botton and collaborators (Grapin-Botton et
l., 1995) (Fig. 1A). The observations were performed at
tages 111–13 (14- to 19-somite). Our data demonstrate a
elatively high accuracy in the delimitation of prospective
hombomeres and indicate that the transplantations did not
ffect the expression of Krox-20 and mafB/kr in r5 and r6
Figs. 1B–F). In most cases only small portions of neuroepi-
helium were out of register with the expected territory
e.g., the rostral end of r5 in Fig. 1D). In one case of pr5–6
rafting (n 5 5 cases) the graft included r5 plus the rostral
alf of r6 (not shown), and in one case of r6 grafting (n 5 5
ases) the graft extended into r5 and r6 (not shown). In r7
ransplantations, we noticed a large contribution of this
hombomere to the mafB/kr-expressing neural crest (n 5
/4, not shown), while these latter cells were previously
onsidered to be derived exclusively from r5 and r6 (Eich-
ann et al., 1997). No such contribution of r7 to the
rox-20-expressing neural crest was observed (n 5 6, Fig.
F).
Krox-20 Is Activated in r6 upon Transplantation
into the r5 Position
To date, grafting experiments in the chick embryo hind-
brain have only provided evidence for the possibility of
posteriorization, upon caudal transplantation. As Krox-20 is
differentially regulated in r5 and r6, we were interested in
investigating whether its expression in pr6 could be in-
duced upon rostral transplantation. In a first series of
experiments we performed inversions of the pr5–pr6 region
at the 4- to 6-somite stage: this involved cutting out the
Copyright © 2000 by Academic Press. All rightight half of the neural tube at the level of pr5 and pr6 from
ne chick embryo and replacing it with the inverted left
ide of another chick embryo (Fig. 2A). The grafted embryos
ere subsequently analysed by whole-mount in situ hybri-
isation with a Krox-20 probe. The transplantation resulted
n a relatively homogeneous Krox-20 expression in the
ntire inverted piece in three cases (not shown; n 5 3/8). In
he other cases, Krox-20 expression was high in the original
6 (now rostral), whereas the original r5 was negative or
howed low levels of expression as compared to the host r5
Figs. 2B, C; n 5 5/8). We also performed unilateral inver-
ions of the r5–r6 region at a later stage of development
10-somite). In this case, no induction of Krox-20 was
bserved in the original r6, while expression within the
riginal r5 did not appear to be affected by the inversion
n 5 4, data not shown; similar results were obtained by
Nieto et al., 1995)). Another set of experiments involved
nilateral exchange of pr5 and pr6 between chick and quail
mbryos at the 4- to 6-somite stage (Fig. 2D). The original r6
as found to express Krox-20 within its rostral half (origi-
ally caudal) (n 5 6/6), while the caudally grafted r5
appeared Krox-20-negative except in one case (n 5 5/6; Figs.
2E, F). Since the transplantation involved a rostrocaudal
inversion, Krox-20 expression in the rostralmost part of
rafted r6 cannot be explained by a contamination with the
riginal pr5 during the operation.
These different data indicate that pr6 to pr5 transplanta-
ion always leads to induction of Krox-20 when the graft is
erformed at the 4- to 6-somite stage. Since Krox-20 expres-
ion is normally restricted to r3 and r5 at the stage of
bservation, this raises the possibility that pr6 may have
ndergone anteriorization. Transplantations performed at a
ater stage show that this plasticity is transient. Concerning
he fate of pr5, transplantations in the position of pr6
erformed at the 4- to 6-somite stage are also consistent
ith a reprogramming of this rhombomere according to its
ew location since in the majority of the cases a reduction
f the expression of Krox-20 as compared with the normal
r5 level is observed. An additional experiment involving
grafting of pr5 in the position of pr7 resulted in a complete
loss of Krox-20 expression in the transplanted tissue (n 5 4,
data not shown). These data suggest that posteriorization
can occur upon transplantation in the r6/r7 region. Such
transformations were previously reported by Grapin-Botton
and collaborators, but only in the case of transplantations in
more posterior regions (Grapin-Botton et al., 1998).
Anteriorization of r6 Developmental Fate upon
Rostral Transplantation
To investigate whether transplantation of pr6 in the pr5
position resulted in anterior transformation according to
the new location, we performed additional quail to chick
grafting similar to those schematised in Fig. 2D, but rein-
cubated the embryos for 9 days in order to reach stage HH
36 approximately. An anatomical analysis of the hindbrain
was then performed. In the three cases which reached that
s of reproduction in any form reserved.
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223Hindbrain Regional Plasticitystage, the hindbrain showed a normal global morphology.
We examined more specifically the landmark structures
which are known to derive entirely from r5, r6, or r7,
focusing on the audition-related nuclei because of their
clear-cut morphology (Marin and Puelles, 1995). These
include the superior olive, a rounded compact structure
located in a ventro-lateral position and entirely derived
from r5, the nucleus laminaris, a laminar structure whose
rostral and caudal halves are derived from r5 and r6,
respectively, and the nucleus magnocellularis, an elongated
mass located caudally and dorsally to the previous nucleus.
Its rostral and caudal halves are derived from r6 and r7,
respectively. In the grafted embryos, the superior olive was
in a normal position and appeared to be of quail origin (Fig.
3A), as well as the rostral half of the nucleus laminaris (Figs.
3B, C). In contrast, the caudal half of this latter nucleus and
the entire nucleus magnocellularis were derived from the
chick host (Figs. 3B, C and data not shown). These data
therefore suggest that the graft has contributed exclusively
to r5 structures and that the transplantation resulted in a
full phenotypic transformation of r6 into r5.
The fate of r5 transplanted into the r6 position was also
analysed according to the same procedure. One embryo
survived up to the HH 36 stage. We found that a large part
of the caudal half of the nucleus laminaris was of quail
origin, while the rostral half was exclusively derived from
the host (data not shown). However, the contribution of the
graft to the nucleus magnocellularis was limited. The
superior olive was exclusively derived from the host (data
not shown). This single case suggests that transplanted r5
behaves like r6, despite the reduced contribution to the
nucleus magnocellularis, and therefore that it has under-
gone at least a partial posterior transformation.
FIG. 1. Homotopic grafts in the r5–r7 region. (A) Left: drawing of
map previously elaborated by Grapin-Botton and collaborators (Gr
level of pr6, showing the region involved in our unilateral grafting
exchange experiment of r5 1 r6, in which the grafted piece was lab
the grafted piece was inserted at the level of the host r5/r6. Simila
to r5/r6 (not shown). (C) Same embryo after processing for in situ
attern of this gene. (D) Section of a quail-to-chick chimera with h
afB/kr probe (blue precipitate) and the anti-quail QCPN antib
omotopic graft of r6, processed for Krox-20 RNA (purple precipitate
omotopic graft of r7, processed for Krox-20 RNA (blue precipitate)
tic vesicle. Scale bars, 100 mm in B and C and 25 mm in D–F.
IG. 2. Pr6 is induced to express Krox-20 when placed into the pr5
f pr5 1 pr6. The lateral half corresponding to pr5 1 pr6 was int
ertical white arrows indicate the rostrocaudal orientation. (B, C)
nd a lower level in the transplanted r5. The limits of the inverted
abeling. In the case of embryo 1, a part of pr4 was taken with pr5 a
hotographed under fluorescent illumination to show the Fast Blu
xchange of pr6 and pr5 between chick and quail embryos. (E) Sectio
taining) does not express Krox-20 in r6 position (a rostral port
xamination). (F) Section of the chick embryo, showing expressio
ontacting the host r4 (bracket). Asterisks indicate grafted rhombomere
Copyright © 2000 by Academic Press. All rightRestricted Competence for Anterior
Transformation
The observation of the acquisition of an r5 fate by pr6
upon transplantation into the r5 position raises two ques-
tions: (i) Does r6 also adopt an r5 fate upon grafting at more
rostral positions, and (ii) is the competence for anterioriza-
tion restricted to r6? To approach the first issue, we
performed grafts of the pr5–pr6 region at different rostral
positions between pr4 and pr1. In six cases the graft was
inserted in the r1–r3 region (homolaterally in five cases, i.e.,
keeping the original rostrocaudal orientation, and contralat-
erally in one case (Fig. 4A)) and in four additional cases it
was inserted contralaterally in the r3–r5 region (Fig. 4B). In
all cases the grafted piece expressed Krox-20. In three cases,
the graft was found positive along its entire length (data not
shown), while in the others Krox-20 expression was ob-
served at the rostral and caudal ends, therefore within both
the original r5 and the original r6 (Figs. 4C, D). The length
of the intercalated negative region (indicated by brackets in
Figs. 4C, D) varied between the different samples and it was
not possible to determine whether it was derived from the
original r5 or r6 territories. In any case, these data show that
a significant part of pr6, transplanted to regions more
anterior to pr5 and contacting the host neuroepithelium, is
induced to express Krox-20. Since Krox-20 is normally
ranscribed in both r3 and r5, this marker is not sufficient to
ttest the identity adopted by the transplanted pr6. Five
dditional transplantations of the type described above
ere therefore performed and processed to reveal mafB/kr
RNA. The grafted tissue was found to express mafB/kr
ver its entire length and at a level similar to that of the
ost r5–r6 region (data not shown; see also Grapin-Botton et
l., 1998). In conclusion, the combined expression of
omite chick embryo with a superposition of the rhombomeric fate
Botton et al., 1995). Right: drawing of a transversal section at the
riments encircled by a dashed line. (B) Embryo from a homotopic
with Fast Blue. The photograph under ultraviolet light shows that
nalysis of the sister embryo indicated that the graft corresponded
ridisation with the Krox-20 probe, showing a normal expression
topic graft of r5 1 r6, processed for in situ hybridisation with the
brown precipitate). (E) Section of a quail-to-chick chimera with
quail tissue detection. (F) Section of a quail-to-chick chimera with
quail tissue detection. Asterisks indicate grafted rhombomeres. ov,
tion. (A) Drawing of an operation involving rostrocaudal inversion
nged between two chick embryos (embryo 1 and embryo 2). The
yos 1 and 2 express a high level of Krox-20 in the transplanted r6
es are indicated by dashed lines and were established by Fast Blue
r6 according to a posteriori examination. Insets: the same embryos
eling of the grafted regions. (D) Drawing of an operation involving
he quail embryo, showing that the chick r5 (negative for the QCPN
f host r6 was left in this experiment according to a posteriori
Krox-20 in the originally caudal portion of grafted quail r6, nowa 5-s
apin-
expe
eled
rly, a
hyb
omo
ody (
) and
and
posi
ercha
Embr
piec
nd p
e lab
n of t
ion o
n ofs. Scale bars, 50 mm in B and C and 25 mm in E and F.
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226 Marı´n and CharnayKrox-20 and mafB/kr in grafted r6 indicates that at least
part of this territory may have adopted an r5-like fate,
another part possibly still behaving as r6. An interpretation
consistent with these data is that transplantations rostral to
the r5 position are also capable of anteriorizing the pr6
territory, but that the competence of pr6 for adopting an
anterior fate at the stage of the operation is largely re-
stricted, leading to preferential adoption of an r5-like fate.
Furthermore, the capacity for anterior transformation is
also likely to be restricted on the basis of the identity of the
transplanted rhombomere, since the expression of Krox-20
and mafB/kr appears maintained in r5 upon rostral trans-
plantation (Figs. 4C and D and data not shown).
To further investigate this latter point and to analyse
whether other hindbrain regions can be anteriorized upon
rostral transplantation, we first grafted the neural territory
adjacent to the first somite, which we will consider as
corresponding to pr7, into the r5 or r4–5 positions (Fig. 5A).
In six cases the embryos were processed for Krox-20 mRNA
detection. We found that in five cases (one homolateral and
four contralateral) the grafted piece was induced to express
the gene, though only in a small number of cells close to the
host neuroepithelium, at the rostral end of the graft (bracket
in Fig. 5B), while in the last case the neuroepithelium was
completely negative for Krox-20 (data not shown). In con-
trast, a large part of the neural crest derived from the graft
was Krox-20-positive (n 5 6/6; Fig. 5B). Six additional cases
f pr7 transplantation into the pr5 or pr4–5 positions were
rocessed for mafB/kr RNA detection. The graft was con-
ralateral in four of these cases, versus homolateral in the
thers. In all cases, we found that the grafted pr7 induced
afB/kr expression in a large rostral territory contacting
he host r4 and covering approximately half of the piece,
ndependently of the original orientation (Fig. 5C). Finally,
mong five cases of pr7 graft into the pr4 position, one led
o mafB/kr induction over the entire piece (Fig. 4E) and the
thers to partial induction, primarily at the AP ends of the
raft (data not shown). These different data suggest that a
arge part of the transplanted pr7 territory adopts an r6-like
FIG. 3. Cytoarchitectural changes after rhombomere transplanta
QCPN antibody and counterstained with toluidine in some cases (
(A) Lateral section showing the formation of a normal superior
magnifications showing that the rostral, thinner half of nucleus lam
of this nucleus (la, right side) and the nucleus magnocellularis (ma)
indicated and the inset presents a nearby section of the same em
nuclei. (D) Detail of a chimera with r7 transplanted into the r5 pos
magnocellularis. (E) More medial section of the later case, showing
r7. Asterisks indicate grafted rhombomeres. cer, cerebellum. Scale
FIG. 4. Rostral transplantations into the preotic hindbrain. (A, B
ection of a chimera resulting from the operation shown in A. Kro
he grafted piece, corresponding respectively to r6 and r5. The brack
5 or r6. (D) Section of the chimera resulting from the operation sh
egion indicated by the bracket. (E) Section of a chimera in which p
he grafted piece. Scale bars, 25 mm in C and E and 10 mm in D.
Copyright © 2000 by Academic Press. All rightate, characterised by mafB/kr-positive and Krox-20-
egative neuroepithelial cells. The expression of Krox-20 in
he neural crest originating from the transplanted pr7 is also
onsistent with a change of fate corresponding to r6-like
rest. The long-term fate of the transplanted pr7 was also
tudied by morphological analysis at stage HH 36 in one
ase: the graft contributed to the nucleus laminaris and to
he rostral part of the nucleus magnocellularis, but not to
he superior olive (Figs. 3D, E and data not shown), an
utcome consistent with an r6 phenotype. In conclusion,
nteriorization is observed in pr7 upon transplantation into
he pr5 position and the dominant acquired identity appears
o be that of r6-like. It is nevertheless possible that the few
ostral neuroepithelial cells that express Krox-20 have un-
ergone r7 to r5 transformation.
We also performed grafts of the territory lying beside the
econd somite, which we will refer to as pr8, into the pr4–5
osition (Figs. 5D–F). The embryos were processed for
rox-20 (n 5 3) or mafB/kr (n 5 7) mRNA detection. We did
ot observe expression of these genes in the neuroepithe-
ium derived from the quail (Figs. 5E, F), except for a few
ells at the interface between graft and host neuroepithe-
ium in the case of mafB/kr (arrowhead in Fig. 5F). Some
eural crest cells derived from the transplanted rhom-
omere were nevertheless positive for Krox-20 and mafB/kr
arrows in Figs. 5E, F). These data suggest that the pr8
erritory is refractory to transformation into r5 or r6 at the
tage of the operation. However, they do not address the
ossibility of a transformation into r7.
Transplantations into the Mesoderm and Influence
of the Rostrocaudal Level of Integration
We then asked whether the reprogramming observed
upon anterior transplantation required the graft to be in
contact with the neuroepithelium and what was the influ-
ence of the rostrocaudal level of integration in this case. In
a first series of experiments, eight grafts were performed in
which pr6 was placed within the rostral mesoderm at the
Parasagittal sections of chimeric brains were processed with the
. Rostral is to the left. (A–C) Grafting of pr6 into the pr5 position.
e (sol) in the grafted r6. (B, C) Medial section at two different
is (la, left side) is formed from the grafted r6, while the caudal half
ormed from the host r6 and r7. In C the outlines of both nuclei are
stained with toluidine blue, showing the cytoarchitecture of the
, showing the contribution of the graft to the nuclei laminaris and
ormation of a portion of the nucleus magnocellularis by the grafted
, 100 mm in A and B, 25 mm in C and D and 50 mm in E.
emes showing two different rostralward graftings of r5 1 r6. (C)
expression is observed in both the rostral and the caudal parts of
ints to a negative region in the middle which could be derived from
in B. Krox-20 is activated in most of the graft, except in a medial
as transplanted into the pr4 position. mafB/kr is induced all alongtion.
A–C)
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227Hindbrain Regional Plasticityr4–r5 level and the embryos were processed for Krox-20
RNA detection. In three cases the entire graft was found
trongly positive for Krox-20 (Figs. 6A, B), while in the other
rox-20 expression was only patchy within the trans-
lanted neuroepithelium (data not shown). Similarly, four
rafts of the inverted pr5–pr6 region into the mesoderm at
he r5–r6 level led to activation of Krox-20 in transplanted
6 (Fig. 6G). We then performed a series of pr6 transplanta-
ions into the caudal mesoderm (Fig. 6A). In four cases, we
rafted pr6 at its original level. We observed variations in
he final location of the grafted pieces and attribute them to
orphogenetic movements of the mesoderm in this region,
ossibly caused by the formation of the otic vesicle. In the
ase corresponding to the most rostral final position, at the
evel of the otic vesicle, a strong Krox-20 induction was
bserved in the transplanted neuroepithelium (Fig. 6C). In
wo other cases, Krox-20 expression was only observed in
6-derived neural crest cells (arrow in Fig. 6D). In the last
ase, corresponding to the most caudal final location, just
ostral to the first somite, no Krox-20 expression was
etected (data not shown). In four additional cases, pr6 was
laced in the mesoderm between the first and the second
omites and in four other between the second and the third
omites. In these eight cases, the graft was completely
egative (including the neural crest) for Krox-20 expression
Figs. 6E, F). We then performed grafting of pr7 within the
ostral mesoderm at the r2–r4 level. Four cases were ana-
ysed for mafB/kr expression and in all of them a strong
xpression was observed over a large part of the graft (Fig.
H). In six cases the embryos were processed for Krox-20
etection. Five cases showed strong induced expression in
he neural crest derived from the graft and only in a few
ells within the transplanted neuroepithelium (data not
hown), while in the last case a strong Krox-20 expression
as also observed in the neuroepithelium. In conclusion,
ur data suggest that, in rostral transplantations, pr6 and
r7 can be efficiently reprogrammed in terms of Krox-20 or
afB/kr expression to the next more rostral rhombomere
dentity and that graft location, within either the mesoderm
r the neuroepithelium, does not make a significant differ-
nce. They also demonstrate the existence of a rather
recise caudal boundary, located approximately at the same
evel in the neuroepithelium and in the mesoderm, beyond
hich Krox-20 activation is not observed in transplanted r6.
FIG. 5. Transplantation of pr7 or pr8 into the pr5 position does no
position. (A) Drawing of the operation. (B) Section of a chimera proc
ells of quail origin appear positive for Krox-20, while the transpl
egion marked by a bracket). The ventricular cavity of the hindbr
RNA and QCPN detection. A large rostral part of the transplante
s also largely positive (data not shown). (D–F) Grafting of pr8 into
or QCPN and Krox-20 mRNA detection. Krox-20 expression is only
rocessed for QCPN and mafB/kr mRNA detection. mafB/kr is on
neuroepithelial cells at the rostral boundary of the graft (arrowhea
25 mm in C, E, and F.
Copyright © 2000 by Academic Press. All rightInvestigation of the Role of the Rostral and Somitic
Region by Extirpation Experiments
The above studies have shown that rostral transplanta-
tion of pr6 or pr7 can lead to anteriorization of these
territories. However, these experiments did not investigate
the origin of the signals involved in this reprogramming.
We have attempted to address the role of rostral and caudal
influences on Krox-20 and mafB/kr expression by perform-
ing extirpation experiments. First, we extirpated the entire
posterior part of the chick embryo at different levels of the
rostrocaudal axis and examined the expression of Krox-20.
Cutting the embryo immediately rostral to the first somite
(leaving pr6) led to patchy but systematic induction of
Krox-20 in r6 (n 5 5/5; Fig. 7A). In contrast, when the
ection was immediately caudal to the first somite at the
evel of the neural tube but eliminating nevertheless this
air of somites, no Krox-20 induction occurred in r6 (n 5
4/4; Fig. 7B). These data suggest the existence of caudalizing
signals, which originate from the region of the embryo
posterior to r6, and are required to prevent activation of
Krox-20 in this rhombomere. pr7 and the immediately
adjacent tissues are likely to provide sufficient amounts of
the putative signaling molecules. No posteriorizing activity
has been previously identified in this territory.
The second type of extirpation experiment (section be-
tween the first and second somites plus elimination of the
first one) was repeated and followed by detection of
mafB/kr mRNA. In this case, a weak induction of mafB/kr
was observed in r7 in one case (n 5 1/7, not shown), while
the six others were negative (Fig. 7C). These data suggest
that elimination of influences from the somites and the
posterior neural tube was generally not sufficient to lead to
efficient activation of mafB/kr in pr7. To investigate the
role of anterior regions on mafB/kr expression in r7, a chick
embryo body half corresponding to the level of pr8 and
rostral spinal cord, and including neuroepithelium, meso-
derm, endoderm and ectoderm, was replaced by an inverted
quail embryo body half corresponding to the r3–r5 region
(n 5 8, Fig. 7D). In five cases, this led to a strong activation
of mafB/kr within the entire ipsilateral r7 (restricted to the
dorsal plate in two cases, Fig. 7D). In the three other cases,
mafB/kr was also induced in r7, but at a lower level and
within patches (data not shown). Therefore the elimination
d to the acquisition of an r5 fate. (A–C) Grafting of pr7 into the pr5
for Krox-20 mRNA and QCPN detection. Most of the neural crest
neuroepithelium is mostly negative (except in the anteriormost
s on the left side. (C) Section of a chimera processed for mafB/kr
uroepithelium expresses mafB/kr. The neural crest of quail origin
pr5 position. (D) Drawing of the operation. (E) Chimera processed
cted in a few neural crest cells of quail origin (arrows). (F) Chimera
tected in some neural crest cells of quail origin (arrow) and a few
terisks indicate grafted rhombomeres. Scale bars, 10 mm in B andt lea
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230 Marı´n and Charnayof posterior tissues combined with the graft of anterior
tissues leads to more efficient activation of mafB/kr in r7
than the simple elimination of the posterior part of the
embryo.
Finally, to investigate the possible influence of rostral
tissues on mafB/kr regulation in r6, we cut chick em-
ryos at the level of the pr5/pr6 boundary. Both parts of
he embryo were left in the egg, after having been
ufficiently separated apart to avoid any further contact.
fter reincubation, both parts were analysed for mafB/kr
xpression. The morphological analysis of rhombomeric
rganisation allowed us to verify the accuracy of the
riginal section (Fig. 8 and data not shown). In all cases,
strong mafB/kr expression was observed in the rostral
alf of the embryo, at the level of r5 (Figs. 8B, C). In
ontrast, the neuroepithelium corresponding to r6 in the
audal half of the embryo either was completely negative
or mafB/kr (2/5, Figs. 8D, E) or expressed the gene at a
uch lower level than in r5 (3/5). Nevertheless, in all
ases the r6-derived neural crest was strongly positive
Figs. 8D, E). There was also expression in the roof plate,
resumably corresponding to the incipient choroidal
lexus (Fig. 8D). These data suggest that rostral influ-
nces are required for the activation of mafB/kr in r6.
DISCUSSION
In this work, we have investigated the positional regula-
tion of Krox-20 and mafB/kr expression in the developing
hindbrain using prospective rhombomere transplantation.
We have made several novel observations concerning the
possibilities for posterior or anterior transformations, the
competence of the neuroepithelium for these transforma-
tions, and the origin of the signals involved.
Existence of a Posterior Influence on the Presomitic
Hindbrain
Previous studies, investigating mainly Hox and mafB/kr
expression, have shown that prospective rhombomeres can
be reprogrammed to more posterior fates upon transplanta-
tion into the neuroepithelium at the level of the somitic
region and that signals originating from the somites are
involved in this process (Grapin-Botton et al., 1995, 1997,
1998; Itasaki et al., 1996). However, such posteriorization
was never observed when the transplantation occurred
within the presomitic hindbrain (r2 to r6). The present work
indicates that pr5 transplantation in the pr6 position leads
to a down-regulation of Krox-20 expression. In addition, the
limination of neural and somitic structures caudal to pr6
eads to partial activation of Krox-20 in this rhombomere,
uggesting acquisition of an r5-like fate. The latter data are
onsistent with the existence of an activity which origi-
ates from embryo regions posterior to r6, extends into the
resomitic region after the 4- to 6-somite stage and nega- G
Copyright © 2000 by Academic Press. All rightively controls the expression of Krox-20. More generally,
this activity may be responsible for the down-regulation of
Krox-20 in pr5 when transplanted into the position of pr6,
and for the regional specification of r6 during normal
development. Further studies are required to investigate
whether such posterior influences also exist in more ante-
rior regions of the hindbrain at this stage of development.
Our observations of posteriorizing influences at AP lev-
els, where such effects were not previously detected, may
be due to two differences with previous studies: (i) We
performed grafts of either isolated prospective rhom-
bomeres or pairs of them and this might make the grafted
tissue more sensitive to influences of the host. (ii) We
carried out transplantations corresponding to a shift of a
single rhombomere; this might be essential since previous
studies have shown that the more anterior the grafted tissue
is, the competence of transplanted rhombomeres for acti-
vation of posterior Hox genes decreases (Itasaki et al., 1996;
Grapin-Botton et al., 1997).
Anterior Transformation Is Possible but Restricted
Anterior transformation has not been previously ob-
served in the hindbrain, except in the cases of the grafting of
the organising isthmic region (Martinez et al., 1995) or of
xplants performed at a much earlier stage of development
HH 4) (Muhr et al., 1997). We provide here evidence that
rafts of pr6 or pr7 into the pr5 position result in their
cquisition of r5 or r6-like fates, respectively. This is based
oth on the analysis of changes in the patterns of expression
f Krox-20 and mafB/kr and on morphological analysis of
he landmark structures which are derived from the trans-
lanted rhombomeres. Similarly, as discussed above, elimi-
ation of the part of the embryo posterior to r6 results in the
artial activation of Krox-20, a manifestation consistent
ith the adoption of an r5-like fate by this rhombomere.
herefore anteriorization is possible in the hindbrain after
he 4- to 6-somite stage. However, the competence of the
euroepithelium for such transformations appears to be
ery restricted. (i) This competence may be transient in
ime, since the capacity for r6 to activate Krox-20 upon
ostral transplantation is lost at the 10-somite stage. How-
ver, since the grafts were isochronic, we cannot differen-
iate between lack of competence or lack of signaling. (ii)
ven at the 4- to 6-somite stage, the competence for
nterior transformation appears to be limited in terms of
he possible fates which can be adopted. r7 transplanted
nto the r5 position appears to acquire for its largest part an
6-like, not r5, fate. Similarly, a large part of r6, when
rafted into the rostral hindbrain, activates Krox-20, consis-
ent with the adoption of an r5-like fate, irrespective of the
recise level of transplantation. Therefore, although the
xpression of more anterior markers has not been exam-
ned, our data suggest that the favoured transformation
orresponds to a shift of a single rhombomere and that
urther anteriorization is very limited or not possible. (iii)
rapin-Botton and collaborators (1995) performed trans-
s of reproduction in any form reserved.
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231Hindbrain Regional Plasticityplantations of the pr7–pr8 region to the position of r5–r6
and observed that Hoxb4 expression was maintained in r7
positioned at the r5 level, whereas this gene is normally not
activated in r6. This indicates that the acquisition of an
r6-like phenotype that we observe in r7 in terms of mafB/kr
expression may not concern all aspects of rhombomeric
identity and that the regulation of different positional
markers may involve distinct mechanisms. (iv) Anterior
transplantation of pr5 does not lead to down-regulation of
Krox-20 or of mafB/kr, suggesting that pr5 is not competent
for anterior transformation at the stage of the operation.
These tight restrictions might explain why such anterior
transformations have not been observed in previous studies.
Absence of Preservation of Odd- or Even-
Numbered Character
The work of Itasaki and colleagues (Itasaki et al., 1996)
has provided evidence for a strong bias toward preserving
the original odd- or even-numbered character of the trans-
posed rhombomeres, although transplantations into the
spinal cord, likely to involve strong posterior signals, were
shown to be able to overcome this preprogrammed odd and
even tendency. In our case, we observed identity shifts
corresponding to a single rhombomere and therefore involv-
ing a change in parity, in cases of both posterior or anterior
transformations. This difference might be due to the par-
ticular region we have been investigating. Alternatively,
grafts involving large blocks of donor tissue, e.g., pr2 to pr6,
as employed in the Itasaki study, might favour coordinated
modifications of the identities of the transplanted rhom-
bomeres which would respect their odd/even-numbered
character.
Putative Origin of the Signals Responsible for AP
Specification
The anteriorization of rhombomere fate observed in this
work upon rostral transplantation can be interpreted in two
FIG. 7. Transplantation and extirpation experiments involving th
xperimental embryo. (A) Extirpation of the somitic region (mesod
ection of the embryo processed for Krox-20 mRNA detection show
normal expression in r6-derived neural crest cells which lie outsid
neuroepithelium, and endoderm, caudally to r7, plus the first somi
except in the neural crest. (C) Same type of extirpation as in B, but
expression in r7 except in the caudal stump, which may correspo
extending from the levels pr3 to pr5 and possibly the rostral part o
caudally to pr7. The section of the embryo shows strong mafB/kr in
r5. The arrow points to the limit between the graft and the host. A
FIG. 8. Extirpation of anterior regions. (A) The two parts of the em
toto detection of mafB/kr in the anterior (B) and posterior (D) parts
is bent ventralward. r6-derived neural crest (arrows) and the roof
completely negative. In contrast r5 is strongly positive (B). (C) Cor
of the part of the embryo shown in D, at the level indicated by the da
the neural crest (arrow) is strongly positive. rp, roof plate. Scale bars, 5
Copyright © 2000 by Academic Press. All rightays: (i) Regional specification requires only posterior sig-
als and cessation of posterior influence upon rostral trans-
lantation results in incomplete posteriorization and there-
ore adoption of a more anterior fate. The very narrow
ompetence observed for anteriorization would be ex-
lained by a largely advanced status of posteriorization at
he time of the operation and by the acquisition of posterior
haracters in a ratchet-like manner. This view is consistent
ith the current model for AP regionalisation of the hind-
rain, which involves its progressive posteriorization from
n initial anterior value by posterior-dominant signals
hich may correspond to the transformer signal postulated
y Nieuwkoop (Nieuwkoop, 1985). (ii) An alternative hy-
othesis postulates the involvement of anterior signals, in
ddition to the posterior influences, in regional specifica-
ion. Such anterior signals could participate in reprogram-
ing the fate of rhombomeres transplanted into rostral
ositions.
As discussed above, the existence of caudalizing signals
n the somitic hindbrain has been fully established by
revious studies (Grapin-Botton et al., 1995, 1997, 1998;
tasaki et al., 1996), and the present work suggests that such
osterior influence extends within the presomitic hind-
rain, at least up to the level of pr6. In fact, concerning the
xpression of Krox-20 in pr6, which is likely to reflect a
hoice between r5 and r6 fates at this level, our data are
onsistent with posterior signals being the major determi-
ant of the later fate (Fig. 7A). The situation appears
ifferent for the regulation of mafB/kr in the r6/7 region.
Elimination of the somitic mesoderm and of the neuroepi-
thelium posterior to pr7 is not sufficient to result in an
efficient activation indicative of a possible change of this
rhombomere to an r6 fate (Fig. 7C). Such an activation is
observed, however, when the elimination of posterior tissue
is combined with the graft of anterior neuroepithelium
(r5/r4) and adjacent mesoderm in the vicinity of pr7 (Fig.
7D). Furthermore, grafting of r7 in rostral positions, either
in the neuroepithelium or in the mesoderm, led to mafB/kr
activation in 100% of the 15 experimental cases (Figs. 4E,
itic region. In each case a schematic drawing is shown above the
neuroepithelium, and endoderm) caudally to r6 (shaded area). The
at several regions of r6 have induced the gene (arrows), besides its
he neural wall (arrowheads). (B) Extirpation of paraxial mesoderm,
aded area). No expression of Krox-20 is observed at the level of r6,
essed for mafB/kr expression. The section of the embryo shows no
neural crest cells (arrowhead). (D) Transplantation of the region
, including the neuroepithelium and adjacent paraxial mesoderm,
ion in the host r7 and maintenance of its expression in the grafted
isks indicate grafted rhombomeres. Scale bars, 50 mm.
o were separated at the level of the r5/r6 boundary. (B, D) show in
the photograph is taken from the ventral side, since the r6 stump
at r6/r7 levels express mafB/kr, while the rest of r6 and r7 are
section of the part of the embryo shown in (B). (E) Saggital section
line, demonstrating the absence of mafB/kr expression in r6, whilee som
erm,
s th
e of t
te (sh
proc
nd to
f pr6
duct
ster
bry
. In D
plate
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shed0 mm.
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233Hindbrain Regional Plasticity5C, 6H). Finally, extirpation of the part of the embryo
rostral to the r5/r6 boundary considerably hampered the
activation of mafB/kr in r6 (Fig. 8).
These experiments can be interpreted in the following
ay: efficient activation of mafB/kr in the r6/r7 region
equires exposure to anterior signals, in conjunction with
he exclusion from posterior influences. It is this combina-
ion which may determine the normal specification of r6.
he general activation of mafB/kr in r7 upon rostral trans-
lantation suggests that the anteriorizing influence is
argely distributed within the preotic hindbrain and not
estricted to specific rostrocaudal levels.
Concerning the precise origin of the posterior signal,
hile the caudal somitic paraxial mesoderm has clearly
een shown to constitute an important source of such an
ctivity (Itasaki et al., 1996; Grapin-Botton et al., 1997,
998), planar transmission of caudalizing signals within the
eural epithelium has also been demonstrated (Grapin-
otton et al., 1997). In the present case, comparison of the
xtirpation experiments presented in Figs. 7A and B sug-
ests that the somites are no longer required at the time of
he operation to prevent the experimental activation of
rox-20 in r6. Similarly, the somites are not required to
revent the activation of mafB/kr in r7 (Fig. 7C). Therefore
osterior signaling provided by the nonsomitic environ-
ent, presumably the neuroepithelium, is sufficient, to-
ether with the anterior influence discussed above, to elicit
hose patterning effects of the r6–r7 region explored in this
eport.
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